Oenococcus oeni is the best malolactic bacterium adapted to low pH and the high S02 and ethanol concentrations in wine. Leuconostoc 
to acetic acid, but depends on the level of dissolved oxygen in the medium (Garvie, 1986) . NAD and NADP serve as coenzymes for G6PDH, but only NADP is required (Garvie, 1975) . Energy (ATP) is obtained by substrate level phosphorilation. Catalase and cytochromes are not present. Polysaccharides and most alcohols are not metabolized. Strains are usually non-proteolytic, although exoprotease activity has been reported for a strain isolated from red wine produced in Argentina (Manca de Nadra et a!., 2004) . Nitrate is not reduced and indole is not formed. Growth is optimal at pH 4.8, but some strains may prefer pH 6.0 to 6.8. In general, growth is stimulated in the presence of 10% CO 2 (Garvie, 1986 ) Colonies on plates usually develop only after a few days and are less than 1 mm in diameter. Best growth is recorded between 20 and 30°C, in a sugar and protein rich medium, supplemented with tomato juice or grape juice (Garvie, 1986). 0. oeni decarboxylates L-malate to L(+)-lactate by using the malolactic enzyme in the presence ofNAD and manganese (Radler, 1986) . L-malate as sole carbon source does not support growth, suggesting that a malic enzyme and malate dehydrogenase are not present (SchUtz & Radler, 1973; Radler, 1986) . MLF is regulated by glucose. As little as 2 mM glucose inhibits MLF by 50% (Miranda et a!., 1997) . Similar results were recorded in the presence of galactose, trehalose, and maltose. Ribose and 2-deoxyglucose, however, had no effect on the conversion of L-malic acid (Miranda et a!., 1997) . Glucose inhibition is reversed by the addition of fructose or citrate, which leads to an increase in intracellular concentrations of glucose-6-phosphate, 6-phosphogluconate, and glycerol-3-phosphate (Miranda et a!., 1997) . Phenolic compounds in red wine reduces the rate of sugar consumption by 0. oeni, but enhances the metabolism of citric acid, which in turn leads to increased levels of acetic acid (Rozes et a!., 2003) . Genes encoding the malolactic enzyme and malate permease (mleA, mleP) have been sequenced (Labarre et a!., 1996). 0. oeni requires as many as 13 amino acids for growth (Garvie, 1967a) . Glutamic acid, valine, guanine, adenine, xanthine, uracil, riboflavin, folic acid, nicotinic acid, thiamine, biotin and pantothenic acid, or a derivative of pantothenic acid, are required by all strains (Garvie, 1967a; Garvie, 1986) . Isoleucine, leucine, methionine, and tryptophan stimulates the growth of certain strains (Garvie, 1967a) . Some strains grow in the absence of uracil and Tween 80 (Garvie, 1967a) . None of the strains require pyridoxal (Garvie, 1967a) , cobalamin, and p-arninobenzoic acid (Garvie, 1986). 0. oeni is distinguished from other lactic acid bacteria based on growth at pH 4.8, resistance to ethanol, requirement for specific growth factors in tomato juice or grape juice, the lack of NADdependent G6PDH, and electrophoretic mobility of D(-)-lactate dehydrogenase (D-LDH), G6PDH and alcohol dehydrogenase (ADH) (Garvie, 1986) . Antisera prepared from 0. oeni showed no cross-reactivity with anti-G6PDH and anti-D(-)-LDH of Leuconostoc lactis and anti-G6PDH of Leuconostoc mesenteroides subsp. mesenteroides (Gasser & Hontebeyrie, 1977) . Total soluble cell protein patterns recorded for 0. oeni are unique and different from Leuconostoc spp. (Dicks, 1989 (Dicks, , 1995 Dicks et al., 1990) . Phenotypic characteristics are listed in Table 1. 0. oeni is genotypically not closely related to other LAB and shares 3-15% DNA homology with Leuconostoc spp. . 0. oeni is also phylogenetically well separated from the Leuconostoc sensu stricto group, the Weissella ("Leuconostoc") paramesenteroides group, and all other LAB, as revealed by 16S rRNA (Martinez-Murcia & Collins, 1990 , 1991 and 23S rRNA (Martinez-Murcia et a!., 1993) sequencing. This suggests that 0. oeni originated from a distinct line of descent . The phylogenetic relationship of 0. oeni with other LAB is shown in Fig. 1 (Endo & Okada, 2006) . The species grows optimal at pH 6.0 to 6.8 and at 30°C (Endo & Okada, 2006) . Other phenotypic critera that differentiates 0. ldtaharae from 0. oeni are listed in Table 1 . The two species share 96% 16S rRNA sequence homology (Endo & Okada, 2006 
Enrichment and isolation
Growth is supported by a complex combination of amino acids, peptides, fermentable carbohydrates, fatty acids, nucleic acids and vitamins. Biotin, nicotine, thiamine, and pantothenic acids, or derivatives thereof, are required by most strains. Growth on plates is greatly enhanced by semi-anaerobic or microaerophilic incubation, i.e. in the presence of 5% CO 2 , N 2 , and H 2 , or in an anaerobic jar with GasPak (Oxoid, Cambridge, UK) or Anaerocult A (Merck, Darmstadt, Germany). Cysteine hydrochloride (0.05-0.1 %, w/v) is often added to broth media to produce microaerophilic conditions. Optimal growth occurs between 20 and 30°C, but it may take as long as 10 days (Garvie, 1986) .
Several growth media have been described for 0. oeni, all of which are acidic with an initial pH between 4.8 and 5.5. The acidic tomato broth (ATB) medium described by Garvie (1967a) contains 25% (v/v) tomato juice. A modification of the latter medium, described by Dicks et a!. (1990) contains 25% (v/v) grape juice (acidic grape medium). Weiler & Radler (1970) described a more complex medium that contains glucose, yeast extract, peptone, Tween-80, diammonium hydrogen citrate and sodium acetate (PH 5.4). Sorbic acid (0.05%, w/v, final concentration) is added to suppress the growth of yeast. preferred to use MRS (De Man et a!., 1960) or tomato juice medium (Ingraham et a!., 1960) , adjusted to pH 5.5 and supplemented with cycloheximide (50 Ilglml) to prevent yeast growth. Enhanced growth was recorded when the latter medium was supplemented with 40 to 80% (v/v) wine or apple juice (Kelly et al., 1989) . The FT medium of Cavin et a!. (1988) contains Tween-80, D-fructose and L-malic acid, buffered with CaCl 2 and KH 2 P0 4
• A modification of the FT-medium, which contains low concentrations of fructose and glucose, cellulose MN 300, and bromocresol green, was used to differentiate malolactic strains from non-malolactic strains (Cavin et a!., 1989) . Sugar fermentation reactions may be studied by using the "sugar basal broth" described by Garvie (1984) , modified by adjusting the pH to 5.2, and substituting bromocresol purple with bromocresol green (0.004%, w/v).
Oenococcus ldtaharae is less fastidious and can be cultured in MRS containing BHI (brain heart infusion) medium (Endo & Okada, 2006) .
THE GENUS LEUCONOSTOC
The name Leuconostoc pertains to "a colorless nostoc". Currently, the genus consists of eleven species (Table 2) . Cells are Grampositive, catalase negative, non-motile, asporogenous and ellipsoidal or spherical. Cells grown in a glucose-rich or on a solid medium may appear elongated and thus similar to lactobacilli. Cells are either single, arranged in pairs, or form short to medium length chains. Strains of L. mesenteroides may produce dextran, visible as an electron-dense coat on the cell surface.
Growth on the surface of solid medium is poor, but is stimulated when incubated in the presence of 19.8% CO 2 , 11.4% H 2 , and 78% N r Growth in broth is stimulated by the addition of 0.05% (w/v) cysteine HCl. Colonies develop usually only after three to 
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~ alcohols, except mannitol, are not metabolized. Carbohydrate fermentation patterns vary considerably among Leuconostoc spp. (Table 2 ) and are often strain dependent. Certain strains of Leuconostoc, when grown under acidic conditions, ferment sucrose (Garvie, 1967b) . Nonpolysaccharide-producing strains of L. mesenteroides form dextran in media containing tomato juice or orange juice (Pederson & Albury, 1955; Langston & Bouma, 1959) . Key phenotypic characteristics that are used to differentiate Leuconostoc spp. from other LAB is shown in Table 3 .
Leuconostoc spp. are clearly differentiated based on their soluble cell protein profiles and DNA homology (Dicks et al., 1990 (Dicks et al., ,1993 . Numerical analysis of16 and 23S rDNAgene RFLP patterns is also used to differentiate species. Digestion with HindIII yielded species-specific patterns (Bjorkroth et al., 2003) . The phylogenetic relationship among Leuconostoc spp. is shown in Fig. 1 
Leuconostoc mesenteroides subsp. mesenteroides
Some strains convert L-malate to L-Iactate. Dextran is produced from the fermentation of sucrose, especially when incubated between 20°C and 25°C. Colonies are not uniform on sucrose agar and depend on the chemical structure ofthe dominant type of dextran formed. Some strains produce a heme-requiring catalase (Whittenbury, 1964) . Growth has been recorded in the presence of 3.0% (w/v) and 6.5% (w/v) NaCl. Milk supplemented with yeast extract and glucose is acidified and curdled, but not by all strains. Glutamic acid and valine are required. Sugar fermentation reactions are listed in Table 2 GenBank accession number (16S rRNA): M23035.
Leuconostoc mesenteroides subsp. cremoris
Cells may form long chains with resultant flocculent growth in broth. Dextran is not produced from the fermentation of sucrose. Citrate is metabolized to acetoin and diacetyl (Speckman & Collins, 1968) . Most strains do not ferment sucrose (Whitten bury, 1966) . Compared to the other two subspecies, a limited number of carbohydrates are fermented (Table 2) . Growth is optimal between 18°C and 25°C. All known strains have been isolated from dairy products. GenBank accession number (16S rRNA): AB023246.
WeisseUa paramesenteroides (previously Leuconostoc paramesenteroides)
The cells are spherical, but often lenticular and may occur in pairs and chains. Gram-positive, non-motile, and nonsporeforrning. The interpeptide bridge of the peptidoglycan structure is Lys-Ala 2 ; LysSer-Ala r Ammonia is not produced from arginine. Dextran is not formed from the fermentation of sucrose. Amino acid requirements are complex and vary between strains. Growth may occur at 18-24°C, but 30°C is preferred. Pseudocatalase may be formed if cells are grown in medium with low glucose concentration. Growth has been recorded in media with an initial pH below 5.0 
Enrichment and isolation
Microaerophilic to anaerobic conditions are recommended, i.e. incubation in the presence ofN 2 , H2 or CO 2 , or with anaerobic gasgenerating kits such as GasPak (Oxoid) or Anaerocult A (Merck). Different growth media may be used. Some of the more general growth media include MRS (De Man et al., 1960) , Rogosa SLmedium (Rogosa et a!., 1951) , glucose-yeast extract (Whittenbury, 1965) , acetate medium (Whittenbury, 1965) , yeast extractglucose-citrate (YGC) broth (Garvie, 1967b) , and HP Medium (Pearce & Halligan, 1978) . Tetrazolium-sucrose (TS) medium (Cavett et al., 1965) , thallous-acetate-tetrazolium-sucrose (TTS) medium (Cavett et a!., 1965) , and HHD-medium (McDonald et a!., 1987) have been used in the isolation of leuconostocs from plant material.
THE GENUS PEDIOCOCCUS
The name Pediococcus pertains to "a coccus growing in one plane". The genus contains eight species, viz. Pediococcus acidilactici, Pediococcus claussenii, Pediococcus cellicola, Pediococcus damnosus, Pediococcus inopinatus, Pediococcus parvulus, Pediococcus stiles ii, Pediococcus pentosaceus (subspecies pentosaceus and intermedius), and the atypical species Pediococcus dextrinicus (Holzapfel et al., 2009b) . The type species is P. damnosus. bAbbreviations: Lys, lysine; Ala, alanine; Ser, serine; Asp, aspartate; m-A2pm, 2,6-diaminopimelic acid (2,6-diaminoheptanedioic acid).
'No Lys-Asp-types, but differentiations of Lys-Ala/Ser types, with the exception of W kandleri.
dRelated to those of Leuconostoc and Weissella.
produce pseudocatalase (Simpson and Taguchi, 1995) . Nitrate is not reduced. Arginine hydrolysis has only been reported for P. acidilactici and P. pentosaceus. Glucose is converted to lactic acid via the Embden-Meyerhof pathway. CO 2 and ethanol are thus not produced. Growth has been recorded at pH 5, but not at pH 9 (except for P. stilesii). Optimum growth temperature is 25-35°C, but is species dependent. All species, except P. claussenii, produce nL-lactic acid from glucose.
Species group in a phylogenetically homogeneous cluster with 16S rRNA sequence similarities greater than 94%. The genus is thus well separated from other LAB (Fig. 1) . Identification to species level is best obtained by 16S rDNA gene sequencing (Collins etal., 1990; Kurzaketal., 1998; Omaretal., 2000; Barney et a!., 2001) , species-specific DNA probes (Lonvaud-Funel et al., 1993; Mora et a!., 1997; Rodrigues et al., 1997) , ribotyping (Jager & Harlander, 1992 Sugar fermentations vary and genes encoding raffinose, melibiose, and sucrose metabolism by P. pentosaceus and some strains of P. acidilactici are plasmid-encoded (Gonzalez & Kunka, 1986; Hoover et al., 1988) . Key phenotypic characteristics that are used to differente pediococci are listed in Table 4 . Since only P. damnosus, P. inopinatus, P. parvulus and P. pentosaceus are most frequently isolated from wine, descriptions of only these species are given. A detailed description of other species can be found in Holzapfel et a!. (2009b) .
Pediococcus damnosus
Growth is often slow and 2-3 days of incubation at 22°C may be required. Cysteine added to the medium improves growth. Growth on solid media is usually poor if not incubated anaerobically. Optimum growth is recorded at pH 5.5. Cells do not grow at pH 8.5. Growth temperature ranges from 8 to 30°C. No growth occurs at 35°C. Some strains grow in the presence of 4% NaCI, but none in the presence of 5.5% NaCI (Simpson & Taguchi, 1995) . Acetoin or diacetyl are readily produced and causes a buttery odor. Exopolysaccharide formation has been reported for some strains (Carr, 1970) . Pediococcus damnosus produces a 2-substituted (1-3)-beta-n-glucan (Duenas-Chasco et a!., 1997). The inability to hydrolyze arginine separates P. damnosus from P. acidilactici and P. pentosaceus. Furthermore, P. damnosus has low genomic relatedness to P. acidilactici and P. pentosaceus (Dellaglio et a!., 1981; Simpson & Taguchi, 1995) . In contrast, P. damnosus shows a high degree of genomic relatedness to P. inopinatus and P. parvulus (34--36%) in DNA-DNA hybridization experiments. Such a close relationship is also reflected in the phylogenetic relatedness based on 16S rRNA sequences (Dobson et a!., 2002 
Pediococcus parvulus
Best growth has been recorded in broth supplemented with L-cysteine and Tween-80. Larger colonies develop when cells are streaked onto tomato juice agar and incubated anaerobically at 30°C for 48 h. Some strains require asparagine, but not folic acid. Optimal growth is recorded in medium with an initial pH of 6.5. Growth occurs in the presence of 5.5-8.0% (w/v) NaCl. Pentoses are not fermented. Some strains produce exopolysaccharides and high levels of histamine in wine.
Type strain: ATCC 19371, CCUG 28439, CIP 102262, DSM 20332, JCM 5889, LMG 11486, NBRC 100673, NCIMB 9447, VKMB-1604. GenBank: accession number (16S rRNA): D88528.
Pediococcus pentosaceus
Cells grow equally well aerobically and anaerobically in MRS at 30°C. Litmus milk reactions are variable and may be related to growth requirements. The requirement for folic acid varies between strains. Optimal growth pH is between 6.0 and 6.5, but growth may occur at pH 8.0. Cells grow in the presence of9-10% (w/v) NaCl. The ability to ferment maltose differentiates P. pentosaceus from P. acidilactici (although not invariably). Cells may be weakly catalase-positive when grown in medium with low glucose content. 
Enrichment and isolation
Pediococcus spp. share several physiological properties with Lactobacillus, Leuconostoc and Weissella spp. Most culture media are thus not selective. SL Medium (Rogosa et al., 1951) and Acetate Agar (Whittenbury, 1965) are semi-selective. Pediococcus Selective Medium (PSM), which is a modification of MRS medium (De Man et al., 1961) , supplemented with cysteine hydrochloride, novobiocin, vancomycin, and nystatin, may also be used. Growth is usually stimulated under anaerobic conditions. Several growth media have been developed to detect spoilage strains of P. damnosus and P. claussenii in beer. MRS agar adjusted to pH 5.5 and MRS broth supplemented with beer (1: 1 v/v) proved semi selective, but only when incubated at 22°C in the presence of 90% N2 + 10% COr Kirin-Ohkochi-Taguchi (KOT) medium, consisting of beer, malt extract, liver concentrate, maltose, L-malic s. Afr. J. EnoL Vitic., VoL 30, No. 1, 2009 acid, cytidine, thymidine, actidione and sodium azide, may also be used (Taguchi et al., 1990) . As far as we know, the medium has not been used to isolate pediococci from wine.
THE GENUS LACTOBACILLUS
The name Lactobacillus pertains to a small rod isolated from milk. Cells are Gram-positive, catalase negative rods, usually non-motile, long and slender (often bent), or short coryneform-like coccobacilli (Garvie, 1986) . Pseudocatalase may be produced by some strains, but only in the presence of heme. Cells occur single, but more than often in chains of varying lengths. Endospores are not produced. Some strains have internal granulations or bipolar cellular inclusions, visible when Gram-stained or stained with methylene blue. Metabolism is fermentative and obligately saccharoclastic. At least half of the end product is lactate. Additional products may include acetate, ethanol, CO 2 , formate, or succinate. Lactate is usually not fermented. Growth is facultatively anaerobic, with best surface growth recorded when plates are incubated in the presence of 5 to 10% COr Nitrate reduction is unusual and only detected when the terminal pH is above 6.0 and/or heme is added to the growth medium. Gelatin is not liquefied and casein is not digested. Indole and H 2 S are not produced. All species require complex growth media with amino acids, peptides, nucleic acid derivatives, vitamins, salts, fatty acids or fatty acid esters, and fermentable carbohydrates. Growth temperature ranges from 2 to 53°C, with the optimum between 30 and 40°C. All species are aciduric, with optimal growth between pH 5.5 and 6.2. Species have been isolated from various niches, including grape must, wine, beer, dairy products, grain products, meat and fish, fruit, pickled vegetables, sauerkraut, silage, sourdough, water, soil and sewage. Many of the species are part of the normal flora in the mouth, intestinal tract, and vagina of humans and animals. Pathogenicity is absent or, in rare cases, restricted to individuals with an underlying disease or immune deficiency.
This genus is the largest amongst all LAB. In the 1986 edition of Bergey s Manual of Systematic Bacteriology (Sneath et aI., 1986) , 44 Lactobacillus species were listed. Since then, the number of validly published species escalated to approximately 100, with at least 16 subspecies. (Bae et a!., 2006) . Lactobacillus delbruecldi is separated into four subspecies, e.g. delbruecldi, bulgaricus, lactis and indicus. Differentiation between these subspecies is by only a few sugar fermentations. Subspecies delbruecldi cannot ferment lactose. Subspecies bulgaricus and subspecies indicus cannot ferment maltose. Subspecies bulgaricus cannot ferment sucrose, whereas trehalose is only fermented by subspecies lactis.
Lactobacillus paracasei is separated into subspecies paracasei and subspecies tolerans. Subspecies tolerans is distinguished from subspecies paracasei by being unable to ferment amygdalin, cellobiose, esculin, mannitol, melezitose, ribose and sucrose.
Lactobacillus plantarum subsp. argentoratensis is difficult to distinguish from L. plantarum subsp. plantarum and is only differentiated by a single sugar fermentation (subspecies argentoratensiscannotfermentmelezitose).Furtherdifferentiation of these two subspecies from the phenotypically similar species Lactobacillus paraplantarum and Lactobacillus pentosus is only possible with genotypic methods (Bringel et al., 2005) .
The two subspecies of L. sakei (subsp. sakei and subsp. carnosus) is phenotypically closely related and only reliably differentiated by numerical analysis of total soluble cell protein patterns and RAPD-PCR.
The phylogenetic relationship of wine Lactobacillus spp. with other LAB is shown in Fig. 1 . In some cases, species can be differentiated based on simple phenotypic characteristics (Table  5) . Differentiation based on sugar fermentation profiles has to be evaluated with care, since many of the genes encoding sugar fermentations are located on plasmids. Identification of species has to be verified by evaluation of genotypic properties. For detailed description of Lactobacillus spp. readers are referred to Hammes & Hertel (2009) .
Key tests to differentiate malolactic bacteria
The phylogenetic relatedness of malolactic bacteria is shown in Fig.  2 . Key characteristics used to differentiate amongst MLB of the genera Oenococcus, Leuconostoc, Pediococcus and Lactobacillus is summarized in Fig. 3 . The type strains of species found in wine are listed below. 16S rDNA gene sequence accession numbers of the species is indicated in Fig. 1 . 
TABLES Key characteristics of Lactobacillus species"
+ + + d d + + d + d d+ + + + + + L. helve- ticus A Lys-D-Asp 37 DL -/+ d L. plantarum L. mali A mDpm' 32.5 L +/d + d + d d + subsp.
L. rhamnosus plantarum

Cocci in tetrads Cocci
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Enrichment and isolation
The most common medium used to isolate Lactobacillus spp. is MRS agar (De Man et a!., 1960) or APT agar (Evans and Niven, 1951) . Acetate medium (Rogosa et a!., 1951) may also be used, but is as MRS and APT, not completely selective. Other LAB such as leuconostocs, pediococci, enterococci and Weissella spp., bifidobacteria and yeasts may also grow. Growth of yeast is prevented by the addition of cycloheximide (100 mgIL). Intestinal lactobacilli are commonly isolated on MRS, SL, or LAMVAP agar (Hartemink: et a!., 1997) . More anaerobic species may be isolated by supplementing the growth media with L-cysteine (0.05%, w/v) and incubation in an anaerobic jar. In some cases, medium have been supplemented with grape must, tomato juice, fresh yeast extract, malt extract, ethanol, mevalonic acid, beer, fruit juices, cheese whey, or meat extract. It may be necessary to replace glucose with fructose, maltose, sucrose, or arabinose, especially for isolation of heterofermentative lactobacilli. Homohiochii Medium (Kleynmans et a!., 1989) and NBB medium (Back, 1980) are good examples of specialised growth media. Plates should always be incubated anaerobically, or in the presence of 10% CO 2 and 90% N2 or Hr Carr et a!. (2002) compiled an extensive literature survey on culture media for Lactobacillus and other LAB.
